Introduction
The separation of chiral compounds is of key importance in different fields of application, e.g., pharmaceutical, industrial, forensic, etc. Capillary electrophoresis (CE) is a powerful analytical method applied in chiral analysis, and inclusion-complexation is one of the most frequently used mechanisms to improve the selectivity of CE enantiomeric separation. Advances in chiral CE were reviewed in a paper by Gübitz and Schmid. 1 No major development so far in basic chiral separation principles has been observed. However, some new chiral selectors were developed, such as cyclodextrin derivatives, oligo-and poly-saccharides, crown ethers, and proteins. Until this moment, cyclodextrins (CDs) still remain the most important group of chiral selectors in CE, in terms of both popularity and diversity. Many papers have reviewed the state of art of chiral separations obtained by CE techniques using CDs and their derivatives as a chiral recognition agent, while focusing the attention mainly on practical problems related to the selection of appropriate CD and experimental conditions.
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A novel β-cyclodextrin (β-CD) derivative modified with a degradable and biocompatible oligo(lactic acid) (OLA) group, 6-oligo(lactic acid)cyclomaltoheptaose (6-OLA-β-CD), was successfully synthesized and used as a chiral selector for the capillary electrophoretic (CE) resolution (Rs) of several basic analytes. The primary purpose of the research was to explore the capability of the 6-OLA-β-CD as a chiral selector for comparisons with β-CD and HP-β-CD. Substitution with the oligo(lactic acid) group at the sixth hydroxyl sites of the CD is aimed at influencing the magnitude and selectivity of the analyte-CD interactions. The chiral resolution was strongly influenced by the concentration of the CDs and buffer pH. The effects of the substitution degree (DS) and the chain length (n) of the 6-oligo(lactic acid) groups of 6-OLA-β-CD on separations were also investigated. before use. A running buffer containing different concentrations of CDs was prepared by dissolving CDs with the BRB. All solutions were freshly prepared, filtered through 0.45-μm syringe-type cellulose acetate membrane filters and sonicated for 10 min prior to analysis.
Apparatus
All experiments were carried out with the CE apparatus ACS-2000 (Beijing Cailu Science Apparatus, China). Separations were performed in uncoated fused-silica capillary tubing, 48 cm in length (40 cm effective length from the anode to the detector window) × 50 μm i.d. × 375 μm o.d. (Yongnian Optical Fiber Factory, Hebei Province, China). Most of the screening experiments were performed at 10 kV and 25 C. Electrokinetic injection of the sample was performed and the applied voltage was 15.00 kV for 6 s. On-column detection was performed at 214 nm.
IR spectra were performed on an Avatar 370 FT-IR spectrometer (Thermo Nicolet, USA).
1 H-and 13 C-NMR spectra of 6-OLA-β-CD were recorded on a Bruker Avance 400 M NMR (Bremen, Germany) for the characterization of 6-OLA-β-CD.
Positive ESI-MS was performed on API 4000 MS equipment (ABI, USA) with methanol used as a solvent.
CE procedure and resolution calculation
A new capillary was conditioned by successively flushing with 1 mol NaOH for 30 min, 0.1 mol NaOH for 15 min, and water for 10 min. Before each injection, the capillary was flushed by successive treatments with 0.1 mol NaOH for 1 min, water for 2 min, and running buffer for 3 min. The resolution, Rs, was calculated according to the following equation:
where t1 and t2 are the migration times (min) of the two enantiomers, and w1 and w2 are their respective peak widths at the half height (min).
Synthesis of 6-OLA-β-CD
The synthetic approach for 6-OLA-β-CD is based on the ring-opening polymerization of 3,6-dimethyl-1,4-dioxane-2,5-dione (lactide) in the presence of β-CD (Scheme 1). 6-OLA-β-CD was prepared and furthur purified according to the literature. 20 The numerical values obtained from the IR and NMR spectra were as follows. The reaction position was shown to be the C-6 hydroxyl of β-CD in view of the 13 C-NMR spectrum, with no clear shift for C-2 and C-3 when compared with the original 13 C-NMR spectrum of β-CD. The average substitution degree (DS) of OH-6 of β-CD and the average chain length (n) of 6-oligo(lactic acid) groups attached to β-CD could be calculated by the proton integration of H-f, H-c, H-1, and H-b in the 1 H-NMR spectrum (Fig. 2 ) of the product, where DS is about 1.55 and n is about 4.49, and thus the average molecular weight of 6-OLA-β-CD is about 1637. The average molecular weight confirms the above prediction with the fragment peaks abundance in mass spectrometry.
The relative molecular weight of 6-OLA-β-CD could be controlled by the proportion of the two reactants. The molar ratio of β-CD to lactide was tested from 1:1 to 1:8 for the purpose of providing valuable functional β-CD derivatives with different molecular weights. Under the same synthetic route, we obtained another three 6-OLA-β-CDs (DS = 1.58, n = 2.76, Mw ≈ 1469; DS = 0.95, n = 2.39, Mw ≈ 1307; DS = 1.22, n = 2.32, Mw ≈ 1339).
Results and Discussion
The chiral recognition mechanism is based on the inclusion of a bulky hydrophobic part of the molecules, preferably aromatic moieties, in the hydrophobic cavity of the CD. 23 Substitution of the oligo(lactic acid) groups at the 6 hydroxyl side enlarged the rim and depth of the cavity, which makes it easier for some chiral moleculars to enter it. At a low pH, the migration of a selector-analyte complex (the neutrally derivatized 6-OLA-β-CD-cationic analyte) is opposite to that of the electroosmotic flow (EOF); at the same time, the EOF will be much less than that at a high pH, thus providing analytes with a longer time for interaction with CDs as they migrate through the capillary, which may therefore play a significant role in the chrial resolution.
All of the drugs used in our study have functional groups surrounding the chiral centers, which are aromatic or basic, except for ketotifen. The antiallergic drug ketotifen is also Scheme 1 Synthetic route of 6-OLA-β-CD. Fig. 2 1 H-NMR spectra of 6-OLA-β-CD (DS = 1.55, n = 4.49, Mw ≈ 1637) in D2O. chiral due to a lack of symmetry in a molecule with a non-planar seven-membered ring. In addition, these compounds possessing one or two aromatic rings (e.g. condensed) in their structures could more easily form inclusion complexes with β-CD or its derivatives. Britton-Robinson buffer has been widely used in CE for chiral separation. 21 It was selected as a background electrolyte because of its effective buffer range (pH 2 -12) and proper ionic strength. The applied voltage influences mainly the electroosmotic flow velocity, the Joule heating, and also the peak efficiency. We chose to work at 10 kV because the gain in resolution at 12 kV is too low compared with the amount of heat generated by the Joule effect.
Someother experimental parameters influencing the resolution and stereoselectivity are briefly discussed in this section.
Effect of the CD concentration on the resolution of basic compounds
The enantiomeric separation by a cyclodextrin-modified CE is based on the difference in the stability constants of a pair of enantiomers with the chiral selector. Neutral selectors do not contribute to the ionic strength, but to the viscosity of the BEG, which may improve the efficiency and the chrial resolution. 24 In this work optimization of the concentration of the chiral selector was investigated experimentally for 6-OLA-β-CD concentrations from 9 to 18 mM; the effects of the concentration on resolution are listed in Table 1 . The resolution was improved with an increase in the chiral selector concentration, but at the expense of the analysis time. We chose a concentration of 15 mmol L -1 of 6-OLA-β-CD in the buffer because the resolution was sufficient with a shorter analysis time. When injection was performed at the anode, ketotifen, chlorphenamine, promethazine, propranolol, terbutaline, dioxopromethazine were baseline separated.
Influence of the buffer pH on the resolution
The buffer pH is an important parameter in CE chiral separation. It is known that basic enantiomers exist as positively charged ions under an acidic condition. Under this condition, basic drugs and their complexes migrate towards the cathode. At low pH, the surface charge of the capillary and the adsorption of cationic analytes to a bare fused-silica surface can be reduced. At the same time, the EOF will be much less than that at high pH, thus providing analytes with a longer time for interaction with CDs as they migrate through the capillary. We can see that a low pH seems to be more favorable for the separation of basic drugs.
Britton-Robinson buffer was tested from pH 2.0 to 4.0. Under the separating condition (15 mmol L -1 concentration of 6-OLA-β-CD for each chiral drug), we increased the pH of the buffer; better resolution was obtained with pH 2.5 and 3.0 (Table 2) .
It can be seen from Table 2 that the chiral selectivity of 6-OLA-β-CD was detected to vary significantly with the size of the substituent as well as the chain length of the oligo(lactic acid) groups. The effect of DS and the chain length of the oligo(lactic acid) groups was different on each chiral drug. We obtained optimum resolution values of ketotifen (Rs = 7.16), chlorphenamine (Rs = 2.32), propranolol (Rs = 1.32) and promethazine (Rs = 1.58) with 6-OLA-β-CD (DS = 1.55, n = 4.49), while terbutaline (Rs = 2.24) and dioxopromethazine (Rs = 1.44) with 6-OLA-β-CD (DS = 1.22, n = 2.32). Electropherograms of the chiral drugs separated under the optimized separating conditions are shown in Fig. 3 .
The following reasons are given: the long oligo(lactic acid) chain enlarged the depth of the cavity, which made it easier for ketotifen, chlorphenamine, propranolol and promethazine to enter it, thus enhancing the formation of inclusion complexes between these chiral drugs and the 6-OLA-β-CD; as for the 6-OLA-β-CD with a shorter oligo(lactic acid) chain, larger DS means that the steric hindrance of substituents at the 6 hydroxyl side could weaken its enantioseparation power, while smaller DS could bring down the interactions between the 6-OLA-β-CD and terbutaline or dioxopromethazine.
Effect of CD type on resolution
β-CD has also been evaluated, and the optimum resolution results are as follows: ketotifen (Rs = 3.94), chlorphenamine (Rs = 2.33), terbutaline (Rs = 1.47), dioxopromethazine (Rs = 1.23), propranolol and promethazine can not be separated. 2-HP-β-CD has been extensively used in CE chiral separations, often demonstrating enhanced resolutions over native β-CD or comparing with those of cyclodextrin derivatives. Among the 6 analytes studied, ketotifen (Rs = 2.89), chlorphenamine (Rs = 1.56), terbutaline (Rs = 2.76), and propranolol (Rs = 1.57) could be baseline separated. We thus came to the conclusion that 6-OLA-β-CD with appropriate DS and chain length of oligo-(lactic acid) groups could demonstrate better enantioselective recognition ability than that of β-CD and 2-HP-β-CD. The presence of a long-chain oligo(lactic acid) group makes the 6-OLA-β-CD flexible enough, accounting perhaps for its better resolution ability than β-CD (6-OLA-β-CD Ds = 1.55, n = 4.49, about 133 g/100 mL which is 70.7-fold that of β-CD at room temperature). It is known that the formation of inclusion complexes between enantiomers and CDs is strongly influenced not only by the hydrophobic interaction in the cavity, but also by bonding between the substituting groups on the rim of the CDs and the substituting groups of the asymmetric center of the analytes.
For 6-OLA-β-CD, in addition to nonspecific interactions between analytes' aromatic groups and the inner portion of the CD cavity, possible specific hydrogen bonding transfer interactions between a certain group on the analytes' chiral centers and the rim hydroxyls of the CD and van der Waals' interactions between oligo(lactic acid) groups on the CD rim and hydrophobic groups on the solute chiral center can also provide enantioselectivity. The existence of all the interactions provides more opportunity for the different interaction between 6-OLA-β-CD and the two enantiomers. These may explain an improved analyte enantiorecognition seen with 6-OLA-β-CD.
Conclusions
The investigated 6-OLA-β-CD appears to be a very promising chiral selector in capillary electrophoresis. It has higher solubility in water and a different stereoselective interaction pattern with analytes due to the presence of different functional groups on the rim of this compound. All of the above factors determine its higher resolution ability compared with the commonly used β-CD and HP-β-CD. Six basic compounds were successfully separated by capillary electrophoresis in the present work, demonstrating its usefulness in chiral separation.
